Consiglio Nazionale delle Ricerche, Istituto Nazionale per la Fisica della Materia-S3 and Dipartimento di Fisica, Università di Modena e Reggio Emilia, Via G. Campi 213/A, I-41100, Modena, Italy; and The undersigned authors wish to note that: "We have been associated with part of the experimental work described therein, yet now disagree with the title and main conclusion of the article. (i) Among the backcrossed lines homozygous for oep16-1 T-DNA insertion that we reanalyzed after publication, one did not show a bleaching phenotype during de-etiolation. Another line showed bleaching of etiolated seedlings upon light exposure, yet displayed wildtype levels of the PORA protein by Western blotting, in its processed form (e.g., mature, imported into etioplasts). The flu-like bleaching phenotype in part of the descent of this oep16-1 mutant stock therefore appears unlinked with the lack of OEP16-1 expression or with a defect in PORA import, in accordance with the recent report of Pudelski et al. (2009) [PNAS 106:12201-12206] . (ii) We were never granted access to the complete set of original data, in particular to those supporting Figs. 2G, 4 C and D, and 6B. Therefore, we wonder about the quality of the underlying work and have expressed doubts concerning what is concluded from these pictures. It must also be made clear that the flu mutant used is not a published allele but contains a T-DNA insertion (SALK_002383) and displays a weak phenotype."
The traditional site-directed spin labeling (SDSL) method, which utilizes cysteine residues and sulfhydryl-reactive nitroxide reagents, can be challenging for proteins that contain functionally important native cysteine residues or disulfide bonds. To make SDSL amenable to any protein, we introduce an orthogonal labeling strategy, i.e., one that does not rely on any of the functional groups found in the common 20 amino acids. In this method, the genetically encoded unnatural amino acid p-acetyl-L-phenylalanine (p-AcPhe) is reacted with a hydroxylamine reagent to generate a nitroxide side chain (K1). The utility of this scheme was demonstrated with seven mutants of T4 lysozyme, each containing a single p-AcPhe at a solvent-exposed helix site; the mutants were expressed in amounts qualitatively similar to the wild-type protein.
In general, the EPR spectra of the resulting K1 mutants reflect higher nitroxide mobilities than the spectra of analogous mutants containing the more constrained disulfide-linked side chain (R1) commonly used in SDSL. Despite this increased flexibility, site dependence of the EPR spectra suggests that K1 will be a useful sensor of local structure and of conformational changes in solution. Distance measurements between pairs of K1 residues using double electron electron resonance (DEER) spectroscopy indicate that K1 will also be useful for distance mapping.
EPR ͉ nitroxides ͉ T4 lysozyme S ite-directed spin labeling (SDSL) has become a powerful method for in vitro studies of both soluble and membrane proteins of arbitrary molecular weight (1) (2) (3) . In traditional SDSL, a unique cysteine residue is introduced into a recombinant protein via site-directed mutagenesis, and then reacted with a sulfhydryl-specific nitroxide reagent to generate a covalently linked nitroxide side chain. A number of different nitroxide side chains have been used in SDSL, but that designated R1 is the most widely used (Fig. 1A) . To study proteins containing reactive native cysteines by SDSL, these residues are replaced by a nonreactive analog (e.g., serine). However, this approach is not always practical because the sulfhydryl group plays a number of important biological roles. In these cases, a labeling strategy that does not rely on the sulfhydryl or any of the other reactive functional groups found in the 20 standard amino acids is needed.
One elegant approach is to genetically incorporate an unnatural amino acid that has unique (''orthogonal'') chemical functionality in the context of the native protein, which allows a spectroscopic probe to be introduced via reaction with a reagent specific for the new functional group (4) . In this strategy, a nonnative suppressor tRNA and aminoacyl-tRNA synthetase pair is used to incorporate the unnatural amino acid into the recombinant protein in response to a unique amber (TAG) stop codon (5) . To date, Ͼ40 unnatural amino acids have been genetically encoded (6) (7) (8) (9) (10) , with a subset of these amino acids containing chemically reactive functional groups for selective incorporation of biophysical probes.
For this study, the unnatural amino acid p-acetyl-Lphenylalanine (p-AcPhe) (11) was selected for introducing a nitroxide spin label, because it contains the chemically versatile keto functional group that is not present in any of the common amino acids and readily reacts with hydroxylamines in aqueous solution (4) . This particular unnatural amino acid can be sitespecifically incorporated in response to the nonsense amber codon into recombinant proteins expressed in Escherichia coli (11) , Saccharomyces cerevisiae (12) , and mammalian cells (13) .
Here, we report the preparation of p-AcPhe mutants of T4 lysozyme (T4L), the crystal structure of one of them, and the reaction of each with a hydroxylamine reagent (HO-4120) that yields a ketoxime-linked nitroxide side chain designated K1 (Fig.  1B) . EPR spectra of K1 at the solvent-exposed helical sites examined reveal a higher mobility of the nitroxide compared with R1 at the same site, as anticipated from the longer K1 side chain relative to R1. Despite the high mobility of K1, site dependence of the EPR spectra suggest that K1 will be a useful reporter of local structure, and distance measurements between pairs of residues (K1/K1, K1/R1, R1/R1) in T4L by using double electron electron resonance (DEER) show that K1 can be used for distance mapping, particularly for resolving conformational changes.
Results
Preparation and Spin Labeling of T4L p-AcPhe Mutants. Seven mutants of T4L with a single p-AcPhe residue at each of the sites shown in Fig. 1C were constructed in a his-tagged, cysteine-free background (4), designated WT**. Using an improved system for p-AcPhe incorporation in E. coli (10) , high yields of the mutants were obtained in amounts qualitatively similar to the cysteine-free wild-type protein (WT*) (14) . The selected sites reside on the solvent-exposed surface of helices where the mutation should produce minimal perturbation to the protein and where the ketone function is accessible for reaction with nucleophiles. One of these sites, 131, has served as a ''reference'' site for understanding the internal motion of the R1 side chain on solvent-exposed helices (15, 16) . To compare with the structure of 131R1, the 1.8-Å crystal structure of a T4L mutant with p-AcPhe substituted at site 131 was solved and refined to an R-factor of 18.9% (Fig. 2) ; refinement statistics are provided in supporting information (SI) Table S1. At the level of the backbone fold, the structure is essentially identical to WT* (PDB ID code 1L63) (17) , as superposition of the two structures yields an average rmsd of 0.27 Å for backbone atoms. As shown in Fig.  2 , the p-AcPhe side chain adopts a single {X 1 ,X 2 } rotamer (X 1 ϭ Ϫ87°, X 2 ϭ Ϫ37°; dihedral angles defined in Fig. 1B ) that is similar to one of the three preferred rotamers of the parent phenylalanine (see Discussion). In contrast, the 131R1 side chain adopts two equally populated {X 1 , X 2 } rotamers (16) . Assuming that the K1 derivative of p-AcPhe adopts the same conformation, the single {X 1 ,X 2 } rotamer will substantially limit the spatial distribution of the nitroxide, an important consideration for use of K1 in distance measurement.
The acid-catalyzed reaction of p-AcPhe with the hydroxylamine nitroxide (HO-4120) to generate the K1 side chain was followed by electrospray ionization (ESI) liquid chromatography MS (example in Fig. 1D ). Following 12 h of reaction with a tenfold molar excess of HO-4120 at pH 4 and 37°C, a product with a mass increase of 168 Ϯ 1 Da was identified for each mutant (Table S2) , which corresponds to the theoretical mass of the predicted product shown in Fig. 1B within the uncertainty of measurement. After 24 h, only the mass of the spin-labeled protein could be detected for all of the mutants tested (e.g., 72p-AcPhe, Fig. 1D ), showing that the labeling reaction is either at or very near completion under these conditions. At pH 7 and 37°C, no product was detected after 24 h of reaction. Although all reactions for the present report were carried out at pH 4, preliminary data indicate that the reaction can be carried out at pH 7 in the presence of p-methoxyaniline as a catalyst (see Fig. S1 ).
Thermostability of the p-AcPhe and K1 Mutants. To ascertain the effect of p-AcPhe and K1 substitutions on the stability of T4L, thermal unfolding was monitored by CD spectropolarimetry at 223 nm. For comparison, thermal unfolding of the analogous R1 mutants was also studied. A reversible, two-state transition was observed in all cases investigated (Fig. S2) ; the thermodynamic parameters obtained from fitting the melting curves to a twostate van 't Hoff unfolding model (18) are provided in Table S3 . Destabilizations due to p-AcPhe are small, ranging from 0.2 to 0.6 kcal/mol. A K1 substitution is destabilized by an additional 0-0.9 kcal/mol relative to the analogous p-AcPhe mutant (Table S3), but the overall change in thermostability relative to WT** is generally within the range associated with a natural amino acid substitution at a solvent-exposed helical site (19) , as previously observed for R1 (20) . The analogous R1 mutants are destabilized by 0.1-0.5 kcal/mol (Table S3 ).
Internal Motion of the K1 Side Chain Compared with R1. The room temperature EPR spectrum of each K1 mutant in 30% (wt/vol) sucrose is shown in Fig. 1E . For comparison, the spectra of the analogous R1 mutants are shown in Fig. 1F ; with the exception of 86R1, the spectra of the R1 mutants were previously reported (20, 21) . To evaluate the relative motions of the nitroxides, the spectra were fit to the macroscopic order microscopic disorder (MOMD) model (22) ; the fits are shown as dotted traces in Figs. 1 E and F, and parameters determined from the fits are listed in Table S4 . As discussed in detail in refs. 15 and 16, the intrinsic internal motion of the R1 side chain at many solvent exposed helical sites is strongly constrained by an intraresidue interaction of the disulfide group with the backbone, which gives rise to a weakly ordered nitroxide motion and a characteristic EPR spectrum illustrated here by 68R1, 72R1, 86R1, and 131R1. At other sites, multiple dynamic states of the nitroxide are observed in the spectrum (e.g., 65R1 and 69R1), which can arise from interactions of the nitroxide with nearby groups in the different substates (23) (24) (25) . Qualitative interpretation of spectra in terms of local structure and backbone dynamics has been discussed (26) .
In contrast to the R1 spectra that reflect an ordered nitroxide motion, the majority of K1 spectra (i.e., 65K1, 69K1, 86K1, 109K1, 131K1) reflect a rapid isotropic motion with effective correlation times () less than 2 ns; site-to-site variation in for these mutants (Table S4 ) may result from differences in local backbone motions. The spectra of 68K1 and 72K1 each have two components, one that corresponds to a rapid isotropic motion that is similar to the aforementioned mutants and a second that reflects an ordered anisotropic motion (denoted by arrows in Fig. 1E ), amounting to Ϸ90% and 50% of the population of 68K1 and 72K1, respectively (Table S4) . Because this more restricted motion is site specific, it likely arises from an interaction of the spin-label side chain with nearby groups on the protein surface (see Discussion).
Interspin Distance Measurements with Pulsed Dipolar Spectroscopy.
Measurement of R1 interspin distances based on magnetic dipole-dipole interactions in spin-labeled proteins is an important tool for mapping structure in solution, particularly for cases in which NMR methods are not well suited. DEER spectroscopy (27) has revolutionized interspin distance measurement by extending the distance of detectable dipole-dipole interactions to Ϸ70 Å, making it a suitable technique for structure mapping in large proteins and complexes (28, 29) . Equally important, the distribution of interspin distances can be accurately determined. The primary data obtained in DEER spectroscopy is the amplitude of an electron spin echo of an observed spin as a function of time, corresponding to the application of a pulse that inverts the magnetization of an interacting spin. The dipolar evolution function, obtained by correcting for an exponential background that results from random intermolecular dipolar interactions, is a sum of oscillatory functions whose frequencies correspond to the dipolar interaction strengths for the distances represented. The Fourier transform of the dipolar evolution function is the dipolar spectrum, and either may be fit to obtain the interspin distance probability distribution.
To explore the utility of K1 for distance mapping, three T4L double mutants, each containing a pair of K1 spin labels selected from the set 68K1, 109K1, and 131K1, were studied by DEER spectroscopy. For comparison, analogous R1/R1 and K1/R1 mutants were also studied. The dipolar evolution function and the interspin distance probability distribution for each mutant investigated are shown in Fig. 3 A and B, respectively ; the most probable interspin distance and the width of the distribution are provided in Table S5 . The interspin distance distribution arises from spatial distribution of the nitroxide and not from an uncertainty in measurement (30) . The substitutions were made at sites in well-ordered regions of the protein (17), so it is likely that the distance distributions primarily reflect spatial delocalization of the nitroxide resulting from multiple rotamers of the spin label side chain.
In all cases, the most probable distance is longer and the overall distance distribution broader for the K1/K1 mutants pairs compared with the analogous R1/R1 pair; the latter finding was anticipated from the substantially higher mobility (''flexibility'') of the K1 side chain compared with R1 ( Fig. 1 E and F) .
To evaluate the extent to which the nitroxide is delocalized in the K1 side chain compared with R1, a previously described strategy (31) was used to determine the spatial probability distribution of each nitroxide within the geometric plane defined by the three residues of the various pairs. This analysis utilizes the distance probability distributions of all nine double mutants given in Fig. 3B , and the result is presented in Fig. 3C for R1 and Fig. 3D for K1. The spatial probability is color coded with a gradient from red (low probability) to yellow (high probability). The tangential elongations of the probability distributions result from the limited dataset used, so the distributions are likely to be narrower in this dimension (30) . Even at this relatively low resolution, the map reveals that the probability distributions of R1 and K1 are very similar at 131, where the p-AcPhe side chain adopts a single {X 1 ,X 2 } rotamer (Fig. 2) ; the small satellite density of 131K1 in Fig. 3D (arrow) is likely an artifact resulting from the limited data set. On the other hand, the distributions of K1 at 109 and 68 are considerably broader than those for R1. For 68K1, and perhaps for 109K1, the distribution is bimodal, probably reflecting multiple rotamers of K1. In this regard, it is significant that the spectrum of 68K1 reveals two dynamic states (Fig. 1E) .
Discussion
The purpose of this study was to develop an SDSL strategy that does not rely on any of the functional groups found in the 20 common amino acids. The genetically encoded unnatural amino acid p-AcPhe together with the hydroxylamine nitroxide introduced here serves this purpose. This approach should be applicable to a wide variety of proteins because this particular unnatural amino acid can be incorporated into recombinant proteins expressed from bacterial (11), yeast (12) , and mammalian expression systems (13) ; the only mutation necessary is at the site (or at sites) where introduction of the spin label is desired. Moreover, the p-AcPhe amino acid and the K1 derivative produce tolerably small changes in protein thermal stability (Table S3) , and, at least for the 131p-AcPhe mutant, essentially no change in backbone fold. It should be noted that the reduction in free energy of unfolding due to an R1 or K1 substitution could be due to stabilization of the unfolded form rather than destabilization of the native fold.
The reaction of ketones with hydroxylamine compounds has been found to proceed fastest under mildly acidic conditions because of an acid-catalyzed dehydration step (32) , and pH 4 was used for forming K1 in the present study. Although the reaction conditions are more extreme than those for forming R1 (and the reaction rate many orders of magnitude slower), the K1 labeling scheme should be applicable to all but relatively unstable proteins or those with acidic isoelectric points where aggregation might be a problem. In such instances, it appears that the HO-4120 labeling reaction can be carried out at pH 7 in the presence of p-methoxyaniline (under an N 2 atmosphere; Fig. S1 ), which has been shown to catalyze the reaction between hydroxylamines and ketones (33) .
Model for the Internal Motion of K1. The fast nanosecond isotropic motion of K1 observed at many sites (Fig. 1E) , including the 131 reference site, clearly results from internal motions within the K1 side chain rather than from large-amplitude backbone fluctuations on that time scale. This conclusion follows from the fact that the sites selected all lie within well-ordered helical regions of T4L (17) and that the R1 spectra at the same sites (Fig. 1F) reveal an ordered anisotropic motion characteristic of stable helices with little backbone motion on the nanosecond time scale (20) . The K1 side chain has six bonds about which rotations could contribute to the motion of the distal nitroxide ring (in the form of torsional oscillations, rotameric transitions, or both); the CAN bond (dihedral X 4 ) is assumed to be rigid with respect to rotation and to adopt a trans configuration, which was observed in structural studies of an analogous ketoxime compound (34) . The crystal structure of 131p-AcPhe reveals a single rotameric state of the phenyl group (Fig. 2) , suggesting that rotations about the first two bonds might be restricted at this site and others. Torsional oscillations of X 3 are assumed to be small on the nanosecond time scale due to conjugation between the aromatic ring and the ketoxime linkage. In contrast, rotations about the three bonds proximal to the nitroxide ring (corresponding to torsions of X 5 , X 6 , and X 7 ) are probably only restricted by steric clashes within the side chain. Hence, it is tentatively assumed that rotations about these three bonds are primarily responsible for the large-amplitude isotropic motion reflected in the EPR spectra (Fig. 1E) . In contrast, the ordered anisotropic motion of R1 at these same sites (Fig. 1F) arises from motions about just two bonds proximal to the nitroxide ring (15, 16) , one fewer than for K1.
It is intriguing that a second component reflecting hindered motion is observed in the spectra of 68K1 and 72K1 (arrows, Fig.  1E ), but not 65K1 or 69K1. All four sites reside in helix C (Fig.  1C) , but 68 and 72 lay on the face that is in close proximity to other elements in the tertiary structure (i.e., helices A and E). Energy minimization of the K1 side chain shows that X 3 adopts either 0°or 180°due to the conjugation between CAN and the aromatic ring. Based on the {X 1 ,X 2 } rotamer observed in the crystal structure of 131p-AcPhe, molecular modeling of 68K1 and 72K1 suggests that the two possible X 3 isomers have chemically distinct environments, one in which the nitroxide is free in solution and a second that can contact nearby elements of the tertiary structure, thus accounting for the two components observed in the EPR spectra. Because such interactions depend strongly on the tertiary fold, this result suggests that K1 will likely be a useful sensor for local structure and conformational changes.
Measuring Interspin Distances with K1. Although a number of spin labels have been developed for SDSL (35) , the R1 side chain is almost exclusively used for distance mapping studies by pulsed EPR methods (31, (36) (37) (38) (39) . The results presented here suggest that K1 will also be useful for such measurements, although the distance probability distribution will likely be broader than for R1 (Fig. 3) . The broader distribution, which can accurately be determined by experiment, leads to an increased uncertainty of the relationship between the nitroxide position and C ␣ , which is important for static structure mapping. However, changes in the probability distribution due to a conformational change in the protein can accurately reflect corresponding changes in the C ␣ position provided that the rotameric distribution of the side chain itself remains the same. Judicious selection of sites for the introduction of the spin label, based on some structural information, can generally yield this situation as previously discussed (30) . Briefly, sites are selected to lay on solvent-exposed surfaces where the nitroxide does not make tertiary interactions, and where the EPR spectrum does not change between conformational states. The first condition can be verified by the EPR spectrum (20) ; the second condition indicates that only the interspin distance is altered during the transition, not the local environment. The sensitivity to conformational changes is optimized when the two labels point away from one another (i.e., those in which the projection of one C ␣ OC ␤ vector onto the other gives an angle of 180°).
In summary, we have shown site-specific labeling of a genetically incorporated unnatural amino acid containing the ketone group. Proteins not amenable to traditional spin labeling methods based on sulfhydryl reactive reagents can now be studied by SDSL. We envision that this new ketoxime linked spin label will be useful for detecting conformational changes via continuous wave EPR spectroscopy, and for quantitatively characterizing the changes via distance measurement using pulsed EPR methods (e.g., DEER). Also, it should not be overlooked that this technique allows for the introduction of two different spectroscopic probes into a protein via sulfhydryl and keto groups, or for attaching a protein to a solid support at a specific site while at the same time providing chemistry for site-specific attachment of a sulfhydryl spectroscopic probe. Finally, it is likely that this methodology for spin labeling can be extended to other orthogonal chemistries (e.g., ''click'' chemistry with alkyne-or azidecontaining amino acids), or perhaps directly to amino acids containing nitroxide side chains. Exploring these possibilities provides an avenue for optimizing the properties of the spin label side chain for specific purposes.
Materials and Methods
Synthesis of Hydroxylamine Reagent HO-4120. The reagent HO-4120 (Fig. 1B) was prepared according to the general procedure of Scheme 1. Materials used in the synthesis were obtained from Sigma-Aldrich. Melting points given are uncorrected. Synthesis of N-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-ylmethoxy)phthal-imide radical [2] . To a stirred solution of N-hydroxyphthalimide (1.71 g, 10.5 mmol) and allylic bromide (40) [1] (10.0 mmol) in dry DMF (10 mL), Et 3N (2.02 g, 20.0 mmol) was added at 0°C, and the reddish-brown mixture was stirred at room temperature (r.t.) for 3 h and then the mixture was poured onto water (200 mL) and the precipitate was filtered, air-dried, and used without further purification in the next step. Yield: 2.58 g (82%), yellow solid, mp 158 -160°C, ., HO-4120) . To a stirred solution of compound 2 (4.0 mmol) in EtOH (30 mL), N 2H4OH2O (1.0g, 20.0 mmol) was added dropwise, and the mixture was stirred overnight at r.t. The white precipitate was removed by filtration, the EtOH was evaporated, and the residue was redissolved in CHCl 3 (20 mL) , and the nonsoluble white precipitate was again removed by filtration. The organic phase was washed with water (10 mL), dried (MgSO4), and PbO2 (956 mg, 4.0 mmol) was added, and O2 was bubbled through the solution for 30 min. The mixture was filtered, and the solvent was removed from the filtrate in vacuo to provide a crude oil that was further purified on silica gel column (elution with CHCl3OMeOH Preparation and Spin Labeling of p-AcPhe T4L Mutants. Amber (TAG) mutants of T4L were generated by the QuikChange Site-Directed mutagenesis method (Stratagene) in a histidine-tagged genetic background (4), designated WT** in this text. Additional information regarding the site-directed mutagenesis method and the pET101/D-TOPO-T4L genetic construct is found in the SI Text. T4L mutants containing p-AcPhe were expressed similar to the method described by Brustad et al. (4); see SI Text for details of the procedure used in this study. Briefly, unnatural amino acid incorporation in E. coli requires two plasmids, one for expression of the gene of interest (containing the TAG codon at the site of interest) and a second that contains the orthogonal tRNA and aminoacyl-tRNA synthetase specific for the unnatural amino acid; in this study, the recently developed pSUPAR plasmid (10) specific for p-AcPhe was used. The unnatural amino acid p-AcPhe (SynChem) was added to the LB medium at inoculation to a final concentration of 2 mM. Mutants were purified by the method described by Fleissner et al. (16) , and found to be Ͼ95% pure by SDS/PAGE. Purified mutants were passed over a desalting column (HiPrep 26/10; GE Healthcare) equilibrated with labeling buffer A [50 mM monobasic sodium phosphate, 25 mM NaCl (pH 4.0)], concentrated to a final concentration of 0.1-1 mM and then reacted with a 10-fold molar excess of HO-4120 for 12-48 h at 37°C. Excess spin reagent was removed by using the above-mentioned desalting column, eluting with a buffer of 50 mM Mops, 25 mM NaCl (pH 6.8) (buffer B). For the three cysteine containing mutants, a 10-fold molar excess of 2,2,5,5-tetramethyl-pyrroline-1-oxyl methanethiosulfonate (40) was added to the elution and allowed to react at ambient temperature overnight; excess spin reagent was removed as just described. Spin labeled T4L was concentrated to Ϸ1 mM in an Amicon Ultra-5 concentrator (Millipore).
Preparation of R1 and R1/R1 T4L Mutants. Single-and double-cysteine mutants of T4L were generated by site-directed mutagenesis in the pseudo wild-type (WT*) genetic background (14) , which contains the mutations C54T and C97A. Additional information regarding the mutagenic primers and the pET11a-T4L genetic construct is found in the SI Text. The mutants were expressed, purified, and spin labeled with 2,2,5,5-tetramethyl-pyrroline-1-oxyl methanethiosulfonate (40) according to Fleissner et al. (16) . EPR Spectroscopy. For CW EPR experiments, samples consisted of 400 M protein in labeling buffer B containing 30% wt/vol sucrose. Spectra were collected at X-band over 100 G on a Bruker Elexys 580 spectrometer fitted with a high-sensitivity resonator using 20 mW incident microwave power and 1 G field modulation amplitude at 100 kHz. Fits of the data to the MOMD model (22) were performed according to the procedure described in Fleissner et al. (16) . See additional information in SI Text.
The four-pulse DEER experiment was conducted on a Bruker Elexys 580 spectrometer fitted with an MS-2 split ring resonator according to Altenbach et al. (31) . Samples of 200 M spin-labeled T4L containing 20% glycerol (vol/vol) were loaded into quartz capillaries and then flash-frozen in liquid nitrogen; data were collected at 80 K. A custom program written in LabVIEW was used to subtract the exponential background from the primary data and to determine distance distributions by fitting the resulting dipolar evolution function with Tikhonov regularization (41) . For the 2D projection maps shown in Fig. 3 C and D , the geometric positions of the nitroxide spins were optimized by using a Levenberg-Marquardt algorithm according to the procedure described by Altenbach et al. (31) . See SI Text for more detail. CD Spectropolarimetry. Thermal dentaturation studies were conducted on a Jasco-810 spectropolarimeter equipped with a Peltier temperature controller. Samples consisted of 0.5 mg/mL protein in 20 mM potassium phosphate, 25 mM KCl (pH 3.0.) Ellipticity was monitored at 223 nm, and data were collected at 10-s intervals as the sample temperature was increased from 20 to 80°C at a rate of 2°C per minute. Denaturation curves were fit to the equation for a two-state transition of a monomer between a folded and an unfolded state assuming a 2.5 kcal/mol⅐deg (42) change in the heat capacity of the folded and unfolded forms (18) by a nonlinear least-squares procedure. X-Ray Crystallography. The 131p-AcPhe mutant used for crystallization contains the mutations N68C/A93C in the WT* background; these mutations generate a disulfide-linked T4L dimer that facilitates crystallization and yields crystals isomorphous to WT* (43) . Similar to the crystallization of other T4L mutants, the hanging-drop method was used to obtain protein crystals using phosphate as the precipitant; see SI Text for more detail. Diffraction experiments were conducted on a single crystal (cryoprotected in mineral oil) maintained in a nitrogen gas cryostream (100 K). Diffraction data were collected and processed according to the method described by Fleissner et al. (16) . A molecular replacement solution was found by using WT* T4L (PDB ID code 1C6T) as a starting model with glycine substituted at positions 68, 93, and 131. The model was iteratively built with COOT (44) and refined with PHENIX (45).
Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry was performed on a single-Quad Agilent 1100 series LCMS with tandem 1100 series ESI mass spectrometer equipped with an Agilent Zorbax 5 M 300SB-C8 column. Data were collected between 500 and 2000 m/z to obtain raw ESI spectra. Protein masses were calculated by using Agilent Chemstations software with the ESI deconvolution package.
